Abstract. It is well established that high efficiency (20%) solar cells can be routinely fabricated using single crystal photovoltaic (PV) materials with low defect densities. Polycrystalline materials with small ,grain sizes and no crystallo,gaphic texture typically result in redud efficiences. This has been ascribed primarily to the presence of -grain boundaries and their effect on recombination processes.
INTRODUCTION
Significant progress is being made in the photovoltaics industry towards large volume production. Currently, photovoltaics is a S 1 Billion dollar per year business worldwide with more than 20 percent annual growth (1). Further increase in market share of the photovoltaic industry will require significant reductions in cost compared to most other forms of electricity generation typical in the utility industry. Higher efficiency cells made using more automated manufacturing processes are expected to lead the way to cost reduction. As prices decrease, usage of photovoltaic cells will increase, specially because of the environmetal benefits offered by this technology compared to other forms of energy generation. Further technological innovations have the potential to cause the economic and commercial breakthrough necessary to lower prices to S 0.10 per lulowatt-hour by the to 1/100 of the material needed for crystalline Si PV and appear to be amenable to more automated, less expensive production (2). Thin-film PV modules have a very low projected potential cost (under $ 50/m2) and reasonable module efficiencies (13-15% or more), implying potential module costs well under 5 0.5Np. (2).
Currently, three film technologies are receiving significant interest from the industry for large scale P V amorphous Si, CuInSe, and CdTe. Module efficiencies are closely related to cell efficiencies. with minor losses (-10%) due to some loss of active area and some electrical resistance losses ( 2 ) . However, even today's best laboratory-level modules are about 8-10% efficient (2). When product-level technology and process development has adopted most technical capabilities observed in individual laboratory experiments, best laboratory modules are expected to be -90% of efficiency of best cells. Furthermore, off-the-shelf commercial modules are expected to be about 90% as efficient as the best prototype modules (2). Based on the above considerations, a PV thin film technology that can produce cells with efficiencies in the range of 20% in a controllable and reproduceable manner is required. An efficiency of 17.7% using a thin-film, polycrystalline CuInGaSe, (CIGS) has recently been demonstrated (1). In order to further increase the efficiency and to be able to reproduceably fabricate high effciency cells, further research is required to understand the microstructural features which limit the performance.
Current research at obtaining high efficiency cells is aimed at controlling the microstructural features of the film closely. While a complete understanding of the microstructral features which limit the performance are still unclear, it is reasonably well established that recombination at grain boundaries, intragain defects and impurities is critical. In an effort to minimize the effect of grain boundaries. films with large grains are an objective. It has been estimated by Kurtz and McConnell that to achieve over 20% efficiency in GaAs solar cells. gain sizes close to 50-100 pm are required (3). This assumes grains with crystalline perfection less than 5 x 1 06/cm' (3). While efficiencies close to this (1 8-20%) have been recently attained by Venkatasubramanian et al. (4) in epitaxial GaAs films on cast, optical grade Ge substrates with gain sizes close to lmm, the cost of raw optical grade Ge is high and it is not clear whether it can be reduced to an acceptable range for even the Isun . terrestrial solar cells (3). Furthermore. since all thin-films discussed above are polycrystalline, they do not have a well-defined crystallographic orientation (both out-of-plane and in-plane). Crystallo,orphic orientation can have two important effects. The first is the effect of onentation of the growth surface on incorporation of dopants, intrinsic defects, and other impurities (3). Studies on a wide variety of dopants have shown that variations of I to 2 orders of magnitude can occur based on crystallographic orientation (5,6). An extreme effect of anisotropic doping is Si doping in GaAs films (3). Si doping in GaAs films, causes n-type conduction on (1 1 1)B-type GaAs, but p-type on (1 1 1)A-type GaAs (7) . The second effect of crystallographic orientation is a variation in growth rate (3). Both experiments as well as simulations have shown that under certain conditions growth rates can vary by 1 to 2 orders of magnitude as a function of crystallographic orientation (8) . Uncontrolled crystallographic orientation in PV materials with large gain sizes may therefore result in reproducibility problems and hence lower yields during high volume production.
Most of the microstructural features currently thought to be limiting polycrystalline, thin-film, solar cell performance can be avoided by growing epitaxial films on lattice-matched. single crystal substrates. However, the high costs of single crystal substrates prohibits their use for realistic applications. We present here a low cost substrate for potential growth of epitaxial PV films, which very closely resembles a single crystal crystallographically. The Rolling-assistedbiaxially-textured-substrates ( W I T S ) technique has been recently proposed by the authors (1 9-2 1). The technique uses well established, industrially scaleable. thermomechanical processes to impart a strong biaxial texture to a base metal. This is followed by vapor deposition of epitaxial buffer layers (metal andlor ceramic) to yield chemically and structurally compatible surfaces. Epitaxial superconductor films grown on such substrates have critical current densities approaching lo6 A/cm2at 77K in zero-field and have a field dependence similar to epitaxial films on single crystal ceramic substrates. Deposited conductors made using this technique offer a potential route for the fabrication of next generation high temperature superconducting wire, capable of carrying very high currents in high magnetic fields and at elevated temperatures. The basic substrate made by this technique can also be used for epitaxial deposition of elemental, 11-VI, 111-V, and I-El-VI semiconductors like Si, Ge. GaAs, ZnSe. ZnTe, CdTe and CIGS. We summarize here key microstructural features of substrates made using the RABiTS technique and how they could be used for epitaxial growth of semiconductors. As is illustrated in this paper. substrates made using this technique have large ,gains (> 100 pm) and primarily low angle grain boundanes.
The effect of grain boundaries can be circumvented in polycrystalline photovoltaic thin films if the grain sizes are large enough (grain size at which effects on properties are minimal depend among other things on the doping level). However in thin-films, gain growth is typically restricted to only twice the thickness of the film. Hence, ,gain boundaries in polycrystalline films have a dominant effect on efficiencies. A large number of studies have reported the effects of ,gain boundaries on photovoltaic properties. In order to establish the potential of biaxially oriented substrates. an overview of grain boundaries in semiconductors and their effects on photovoltaic properties is first presented.
GRAIN BOUNDARIES IN SEMICONDUCTORS AND THEIR EFFECTS ON PHOTOVOLTAIC PROPERTIES
Grain boundary (GB) effects in semiconductors can be classified as intrinsic or extrinsic in nature. "Intrinsic" GB effects correspond directly to disruptions in lattice bonding with a lattice relaxation to accommodate the misfit at the GB. Lattice relaxations result in the generation of dislocations mays at the GB plane and in the covalent diamond lattice are accompanied by dilated. contracted and in some cases dangling bonds. These bonding effects can result in electronic states in the semiconductor bandgap. Hence intrinsic effects which occur due to GBs are bond distortion and dangling bonds. Moreover, the one dimensional periodicity along the dislocation core can lead to banding of these states. "Extrinsic" GB effects occur due to the interaction of the boundary with other lattice defects such as point, line and other planar defects. Furthermore, GB segregation and diffusion can result in variations of impurities or dopant atom concentrations at the GB relative to the bulk. This can have a direct effect on the chemical potential (Fermi level) associated with the boundary region. This in turn can result in localized electronic states in the bandgap and also alter the transport properties in the vicinity of the GB due to nonuniform dopant or impurity concentrations. Electronic states in the bandgap created due to such intrinsic and extrinsic defects can act as charge carrier traps and recombination centers and result in band bending, reduced carrier lifetime, and leakage currents associated with the GB.
Although many studies probing the effect of gain boundaries in various semiconductors have been made. no unified theory applicable to all types of materials exists (9-18). Some of the measured effects of grain boundaries are summarized here. Much of the early GB studies focussed on Ge. It has been established that the GB behaves as thou5h it contained acceptor-like electronic states in the bandgap giving rise to band bending in such a fashion so as to create a barrier to minority carrier transport across GBs in n-type Ge. These states were also found to create a hole-like conductivity in the GB plane that is independent of temperature. The structure of the GB as predicted by the crystallography has been shown to dictate the bonding structure and hence influence the properties. In contrast to Ge, GB potential barriers have been found to occur in both n-type and p-type Si. This may be due to pinning of the Fenni level by the GB states at different positions or the ability of these states to act both as electron and hole traps. Detailed transport studies have shown how GB states give rise to the back-to-back diode characteristic for thermionic current flow across a grain boundary. However, not all gain boundaries were found to be electrically active. For example, it has been observed that high-angle coherent twin boundanes are electrically inactive. Twin boundaries have a high degree of coincidence and hence a lower energy than other high-angle boundaries. This points to the importance of GB energ, its effect on GB structure and resulting electronic properties. Enhanced impunty diffusion along GBs has also observed in Si and Ge. Low-angle GBs in both Si and Ge have been shown to be composed of discrete dislocations (I 1.12). This description is valid for [110] tilt boundaries with misorientation angles of less than 5" (1 1). For twist GBs this model fails for misorientation angles in the range of 3" to 8" (13) . A change in the GB structure that occurs with the transition from low-angle to large misorientations is indicated by the electronic properties of Ge GBs. For example, the anisotropic nature of transport in the grain boundary plane, indicative of the presence of discrete dislocations disappeared as the misorientation angle increased ( 13) . In another study, tilt and twist GBs. both having a misorientation angle of 6 O , displayed the same properties although their dislocation structures should be different (14) . This is consistent with the transition from low angle regime observed to occur at approximately 5" (1 1,12). In some high angle boundaries, microfacets are known to form leading to GB plane orientations that contain a high planar density of coincident lattice sites (CSL). This arrangement is achieved by a relative translation of one grain with respect to another and can be physically interpreted as the reconstruction of the bonding structure at the interface resulting in the formation of five, six, and seven member rings at the GB (15) . No translation is associated with the coherent twin boundary with an exact coincident structure
GB potential barriers have also been shown to exist in both n-type and p-type GaAs, the barrier however is significantly lower in n-type material. An experimental study by Salermo et al. (9) studied the characteristics of bicrystal prepared using the lateral overgrowth technique. They studied n-type GaAs bicrystals containing [ 1101 GBs with misorientations of O", 2S0, 5", lo", 24" and 30". Current-voltage, capacitance-voltage and deep level transient spectroscopy (DLTS) were used for electrical characterization of the GBs. It was found that the rectification associated with tilt GBs increased as a function of misorientation angle. For GBs greater than lo", the potential barrier height was found to remain constant. Moreover. the slight rectification associated with the 2.5" and 5" GBs indicates that the donor density of these layers is high enough to essentially the GB trap states. Furthermore, the breakdown or saturation voltage was found to be a strong function of misorientation angle. These data indicate that the density of GB states increases with misorientation angle until saturation occurs in the range of 24" to 30°, suggesting that GB states in GaAs are directly related to GB structure.
GB effects on device characteristics can be described by considering the two cases of current flow and parallel and perpendmlar to the boundary. For most photovoltaic materials, bulk as well as thin films, the grain structure is columnar with the grain boundary plane approximately normal to the junction, thus the case of current flow parallel to the GBs is of interest. Typically the polycrystalline device is modelled as both bulk and GB p-n junctions in parallel, with the bulk and GB regions as having different bandgaps and lifetimes. For current flow parallel to the boundary, GBs act as high conduction paths and lower the open circuit voltage and fill factor of the device. For current flow perpendicular to the GB, band bending at the boundary results in a potential barrier and therefore majority carrier transport across the GB encounters high resistance. This can result in increase in the series resistance of the device and hence .tduce the short circuit current and the fill factor. Modelling of GB effects on properties has been performed by Card and Yang (16) The above discussion establishes the importance of controlhg GB types in photovoltaic thin fims. Biaxially textured, columnar films with large effective g a i n sizes would be ideal. An effective gain size is one where grain boundaries within a certain misorientation can be tolerated. From the discussion above, it appears that for PV materials. this may be in the vicinity of 4-5". Hence, substrates with GBs in this regime would be ideal. A second approach would be to have substrates with very large grains, so that grain boundary effects are minimal. Kurtz and McConnei have shown that for GaAs, this gain size is in the vicinity of -100 pm. The RABiTS technique combines both these approaches and achieves very large individual grains (>lo0 pm), with primarily low angle grain boundaries less than 5".
to lo-'' as the
ROLLING-ASSISTED-BIAXIALLY-TEXTURED-

SUBSTRATES (RABiTS)
R4BiTS is a technique to produce macroscopically biaxially textured substrates (19) (20) (21) . The method employs thermomechanical processing of base metals such as Cu or Ni to obtain a very sharp, well developed { 100}<100>, cube texture. This is followed by deposition of appropriate chemical and structural buffer layers on the textured base metal. Substrates with biaxially textured, chemically and structurally compatible surfaces for epitaxial growth of superconducting or other electronic devices are referred to as rolling-assisted-biaxially-textured-substrates ( W I T S ) . Substrates made this way can be thought of as very large, defected, single crystals.
Biaxially textured Ni substrates were formed by consecutive rolling of a polycrystalline, randomly oriented high purity (99.99%) bar to total deformations greater than 90% (19) . By controlling the surface condition of the work rolls, it was possible to obtain substrates with surfaces as smooth as those obtained by 1OOO"C for 4 hrs in a vacuum of -Torr. The micrograph was obtained using electron backscatter kikuchi diffraction (BKD). Gray level shading on the micrograph is a reflection of the pattern quality or intensity of the kikuchi bands observed at each point. Grain boundaries give rise to multiple diffraction patterns and hence have a poor pattern. Similarly, poor patterns are observed from any other crystallographic defect or strained region. BKD patterns were obtained on a hexagonal grid with a spacing of 3 pm-Total number of patterns obtained in the 0.5 mm x 0.5 mm region were close to 30,000. Indexing of the pattern at each location gave a unique measure of the orientation at that point. A hypothetical hexagonal lattice with a p i n size of 3 pm was superimposed at each point from where a pattern was obtamed. Grain boundary misorientations were then calculated for all the resulting boundaries using standard techniques. The micrograph was then regenerated with certain grain boundary criteria. In Figure la . three sets of GBs are indicated. The thm boundaries are boundaries with misorientation angles r' oreater than 1" and less than 5". Thlcker boundaries have misorientation angles " seater than 5" and less than lo", and the thickest boundaries have misorientations oreater than 10". Regions where no boundary is indicated, but the contrast is dark zorrespond to boundaries with misorientations less than 1". It can be seen that most of the substrate is percolatively connected within 5". After recrystallization, the average gain size is approximately equal to the thickness of the substrate, which in this case was 125 pm. Thus the substrate can be thought to be comprised of a columnar structure of grains, with the columns aligned with the (100) plane parallel to the surface of the columns and the [ 1001 drection aligned along the rolling direction. Typically, it is expected that for metal sheets with columnar gains, grain growth saturates at approximately twice the thickness of the substrate. In this case, the highly reduced mobility of low angle boundaries appears to saturate the grain size to approximately that of the substrate thickness. In order to grow high quality epitaxial device films on the biaxially textured Ni substrate, a chemical and structural buffer layer is required. Typically, the desired buffer layers for superconductor film growth are oxides. Hence the task of fabricating a suitable substrate for epitaxial deposition of the superconductor involved epitaxial deposition of oxide buffer layers on Ni. This is difficult because of the ease of surface oxide formation on Ni under the typical oxidizing conditions required for oxide film growth. Although the surface oxide on (100) Ni can be epitaxial, it typically forms a (1 I 1) textured NiO layer with three equivalent epitaxial relationships, resulting in many high angle boundaries. We have found two methods so far that have proven successful in producing a single orientation, cubeon-cube epitaxial oxide buffer layer films on rolled and recrystallized Ni. The first involves epitaxial deposition of noble metal layers on Ni followed by deposition of oxides (19) and the second involves deposition of oxides directly on Ni under reducing conditions (20) . A recent overview article summarizes the work on fabricating epitaxial superconductors using the RAI3iTS technique (2 1).
Oxide buffer layers can also be used for growth of epitaxial semiconductors. ablation (19) (20) (21) , electron beam evaporation (22) and sputtering (23) . Structures grown by laser ablation so far have resulted in evenly spaced cracks in the CeO, layer (21) . However, by controlling the deposition conditions and thickness of the . CeO, layer, crack free buffer layers have been obtained. Figure 5a shows an orienation image micrograph of a CeO, layer approximately 175 nm thick on Ni, " crown using electron beam evaporation-Grain boundaries in the Ni substrate below are transferred through the oxide layers and are discerned in the orientation image since the pattern intensity from the boundary layer is poor. Figure 5b shows the corresponding (1 1 l), (ZOO) and (1 10) pole figures from the data in Figure 5a .
Single orientation cube-on-cube epitaxy, with a rotation of 45" with respect to the Ni substrate is obtained. Figure 6a shows an orientation image from the YSZ layer in a configuration shown in Figure 4 . Corresponding pole figures from this region are shown in Figure 6b . A single epitaxial orientation with a cube-on-cube with respect to the Ce0,layer is observed. If the region shown in Figure 6a is colored according to a criterion that a given color represents a percolative region of 2" and 5 O , then the corresponding images are shown in Figure 7a and b respectively. The entire region is of a single color in Figure 7b . indicating the near single crystal nature of the oxide surface. Chemical analysis of the buffer layers using electron microscopy indicates that for a deposition temperature of 780°C. there is little diffusion of Ni into the CeO, layer. Table 1 shows a compliation of epitaxial studies of oxides on Si (24-40). It is likely that similiar epitaxial relationships can be expected for growth of Si on oxides. The table shows the crystallographies. method of fabrication and lattice mismatch. The lattice mismatch refers to the near coincident site lattice mismatch for each epitaxial relationship. As reflected in the table, the three surfaces shown in Figure 2 may be well suited for growth of Si. Other surfaces like BaO, SrTiO3 etc could also be grown on RAl3iTS.
EPITAXIAL GROWTH OF SEMICONDUCTORS ON OXIDES
A key problem encountered in the growth of oxides on semiconductors has been that of oxidation of the semiconductor surface. This is a problem similar to that encountered during growth of oxides on Ni. (48) . This is because of the differences in free energy of formation of Si02 (-167 kcal/mol, 1000°C) and Ge02 (-90 kcal/mol, 10oO°C) compared to that of decomposition of BaTi03. Table 2 lists a compilation of epitaxial oxides on GaAs. Clearly, the most studied oxide is MgO which has a very small lattice mismatch with GaAs. Cubeon-cube orientation of MgO on GaAs has also been observed as indicated in the table. Cube-on-cube has also been observed for YSZ and In203 
EFFECT OF INTRAGRAIN DEFECTS ON PHOTOVOLTAIC PROPERTIES IN EPITAXIAL, MULTILAYER DEVICES
Epitaxially grown multilayer semiconductor thin films can have a large concentration of defects due to lanice mismatches and thermal expansion mismatches between layers and also due to growth processes. Surface defects on the substrate or underlayer film can also extend into subsequently deposited layers. the most common of these being dislocations. Dislocations, like grain boundaries. provide charged deformation regions for carrier scattering. Another intragrain defect is the stacking fault, a planar defect. In a study of epitaxial growth of G A S on Si single crystals, dislocation densities were controllably manipulated by Vernon et al. (49). They find that a dislocation density less than 5 x 106/cm2 is required to achieve a 20% efficiency. As the dislocation density increased to 107/cm'. the open-circuit voltage, the short circuit current and the fill-factor decreased from their ideal values by 14%, 5% and 9% respectively (49). Kurtz and McConnel have summarized these results and based on data for efficiency versus dislocation densities and lifetime versus dislocation densities, have shown that a minority carrier lifetime > lOns is required to achieve 20% efficiency in GaAs (3). Hence in order to fabricate high efficiency devices on W I T S , innovative multilayer se uences need to be grown to realize an intargranular defect density less than fabrication. Kurtz and McConnel point out that besides GB recombination, perimeter recombination is also important and dominates the loss mechanism in single crystal films (3).
10 ( 2 km'. This is perhaps the most challenging task for this approach of device Since thin-films have a very high surface-to-volume ratios, when the thickness of the film becomes comparable to the mean free path of the carriers, the scattering of electrons and holes from the fdm surface can have a significant effects on transport properties (10) . If the scattering process is elastic, i.e. specular reflection fromthe surface where only the velocity component perpendicular to the substrate is reversed, the energy remains constant and there is no loss. However, if after scattering, the carriers emerge from the surface with velocites independent of their incident ones, a change in momentum that occurs is reflected in the conductivity. This is known as diffuse or inelastic scattering. Since real surfaces are associated with some atomic disorder, inelastic scattering dominates. Hence surface passivation is normally employed. In polycrystalline films, GB passivation may also be required depending on the nature of the GBs.
PASSIVATION OF SURFACE, INTERGRAIN AND INTRAGRAIN DEFECTS
If one assumes that the primary effect of the defect and surface is intrinsic in nature, then passivation involves mitigation of dangling and distorted or dilated bonds. With respect to dangling bonds, heat-treating in hydrogen can be effective in hydrogenating these bonds in both Si (50) (51) (52) and GaAs (53) . Similar results have been observed with P implanted in poly-Si (54) . With respect to distorted or dilated bonds, the solution may be to replace the atoms at the GB with atoms forming stronger covalent bonds, e.g. C in Si and P in GaAs (IO). This could be viewed as cladding the GB with a higher bandgap material or, alternatively, stren_@hening the distorted bond. Elements forming strong covalent bonds are, for example, H, B, C, P, and S. Such passivation can be performed either by post heat-treatment or by doping and subsequent segregation of impurities at gain boundaries. For free surfaces, S , Se and N treatments have been effective in passivation (3). Higher bandgap layers also passivate the surface (3). Surface passivation can ce expected to be easier than gain boundary passivation, since the normal lattice density and bonding configurations are preserved at the GB, in contrast to severe structural perturbations present at free surfaces.
Not many studies reporting the passivation of intragain defects, low-angle GBs and CSL GBs have been performed. During commercial growth of single crystal Si, it appears that passivation of intragain defects and very low-angle GBs is routine and simple to achieve (55) . It is not however readily apparent why passivation of such low energy surfaces would be simple to achieve, since low energy boundaries would have less void space associated with them. In the presence of high energy interfaces, segregation of impurities and dopants to low energy boundaries may be restricted. However, this may not be the case when only low energy interfaces are present. Clearly, more detailed studies examining whether passivation of low-angle GBs and dislocations can be performed easily are required. Should this be the case, then epitaxial semiconductor films on RABiT substrates may be an ideal route to a high-efficiency, solar cell.
SUMMARY
In order to sustain and further the application of photovoltaic materials, devices with high efficiencies are required. Since cost is a major issue. thin film devices have considerable advantages over bulk materials. In case of thin films, choice of the substrate material dictates the performance of the device. For epitaxial films on single crystal substrates. very high eficiencies are obtained. However their cost precludes their use for large-scale applications. Amorphous and polycrystalline substrates with no controlled crystallographic texture and grain boundary character distribution. result in films with many EOrain boundaries. Since the grain size is difficult to increase to levels above where the effect of grain boundaries is negligible, the grain boundaries in these polycrystalline films reduce the effciencies to low levels. A review of studies relating the effect of gain boundaries on photovoltaic materials. suggests that control of grain boundaries may be one way to obtain high-effciency cells. Furthermore, anisotropy of growth rates and diffusion coefficients of impurity and dopant elements along differnt crystallographic directions. suggest that biaxial texture in these films and hence in the substrate may be desirable. An ideal substrate would be one that closely resembles a large single crystal. RABiT substrates formed by epitaxial growth of oxides on biaxially textured metals offer a potential route to a low cost, high efficiency cell. Such substrates have grains larger than 100 pm and contain primarily low-angle grain boundaries, less than 5". A review of grain boundaries studies in semiconductor materials suggests that this may be a cross-over point from low to high for photovoltaic properties. The substrates also have a very sharp crystallographic texture in all directions. A summary of studies relating to epitaxial growth of oxides on Si and GaAs was also included. Several commonly studied oxides which have been epitaxially deposited on these semiconductors, have also been deposited on RABiTS. Innovative sequencing of multilayers will however be required to ensure a low intragrain defect density in the photovoltaic film by matching lattice constants, thermal expansions etc. of the film with the substrate.
